Adult subventricular zone (SVZ) neuroblasts migrate in the rostral migratory stream to the olfactory bulbs. Brain lesions generally increase SVZ neurogenesis or gliogenesis and cause SVZ cell emigration to ectopic locations. We showed previously that glia emigrate from the SVZ toward mechanical injuries of the somatosensory cerebral cortex in mice. Here we tested the hypotheses that SVZ neurogenesis increases, that neuroblasts emigrate, and that epidermal growth factor expression increases after cortical injuries. Using immunohistochemistry for phenotypic markers and BrdU, we show that newborn doublecortin-positive SVZ neuroblasts emigrated toward cerebral cortex lesions. However, the number of doublecortinpositive cells in the olfactory bulbs remained constant, suggesting that dorsal emigration was not at the expense of rostral migration. Although newborn neuroblasts emigrated, rates of SVZ neurogenesis did not increase after cortical lesions. Finally, we examined molecules that may regulate emigration and neurogenesis after cortical lesions and found that epidermal growth factor was increased in the SVZ, corpus callosum, and cerebral cortex. These results suggest that after injuries to the cerebral cortex, neuroblasts emigrate from the SVZ, that emigration does not depend either on redirection of SVZ cells or on increased neurogenesis, and that epidermal growth factor may induce SVZ emigration.
INTRODUCTION
The adult subventricular zone (SVZ) contains stem cells that divide slowly and generate a rapidly amplifying progenitor population (1) . The progenitors, in turn, give rise to neuroblasts that migrate long distances and differentiate into functional interneurons in the granular and periglomerular layers of the olfactory bulbs (OB) (2, 3) . Multiple studies have shown that neurogenesis increases in the SVZ after brain injury and is coupled with migration of young neurons from the SVZ into nonolfactory bulb regions (emigration) (4, 5) . Previous retroviral studies showed that SVZ cells migrate toward aspiration lesions of the cerebral cortex and differentiate into astrocytes and oligodendrocytes (4) . This suggested that the postnatal generation and emigration of glial cells is recapitulated after this form of injury in the adult (6) . However, some of the emigrated SVZ cells had the morphology of migratory SVZ neuroblasts; therefore, we hypothesized that neuroblasts also emigrate. We show in this study that DCX1 SVZ neuroblasts do indeed emigrate into the corpus callosum toward cortical lesions.
A central question of SVZ emigration is whether extant migratory cells become redirected or if new cells are generated to emigrate. If cells become redirected, then by definition, fewer cells should end up in the OB. An earlier study suggested this; 4 days after cortical lesions, there were fewer retroviral labeled cells in the OB of lesioned mice than in controls (4) . SVZ-derived neurons are responsible for discriminating odors (7); therefore, decreased migration to the OB may cause the anosmia observed in some brain-injured humans (8) . Therefore, we wanted to determine whether cortical lesions change the number of newborn OB neurons and found evidence in this study that they do not. Instead of redirecting SVZ cells, injuries could induce the generation of new neurons that emigrate. Although SVZ neurogenesis often increases after brain injury, the response varies between lesion types and from species to species (9) . We have shown previously that cortical lesions increase the number of PSA-NCAM1 SVZ neuroblasts in rats but decrease the number of BrdU1 SVZ cells in mice (10, 11) . The rate of neurogenesis vis-à-vis emigration of SVZ neurons is important because increased neurogenesis would imply that newborn neurons emigrate versus extant neurons being redirected. We show here that neurogenesis does not increase after cortical aspiration lesions.
Although numerous molecules affect different aspects of rostral migration, it is less clear what causes emigration (12) (13) (14) (15) . Both laminin and tenascin, components of the rich SVZ extracellular matrix (16, 17) , promote emigration when increased ectopically (13, 18) . Diffusible chemoattractants expressed in ectopic locations after injury may also entice emigration similar to the proposed OB-derived chemoattractant that ''pulls'' the rostral migratory stream (RMS) (19, 20) . Interestingly, epidermal growth factor (EGF) receptor expressing neuroblasts migrate up a gradient of EGF during development of the cerebral cortex (21) . EGF infusions into the lateral ventricles increase the number of SVZ cells and cause emigration from the SVZ into surrounding tissue (22) (23) (24) . SVZ stem and progenitor cells express EGF receptors, EGF causes SVZ progenitor cells to exhibit stem cell-like behavior in vivo, and EGF is required for self-renewal of SVZ stem cells in vitro (24) (25) (26) . In this study, we examined a variety of molecules we hypothesized to affect proliferation and migration after cortical lesions. We found that among these, only EGF was changed and in fact was increased in a temporospatial pattern consistent with having a role in SVZ emigration.
MATERIALS AND METHODS

Cortical Lesions and Tissue Preparation
Aspiration lesions of the somatosensory cerebral cortex of adult male mice (weighing 33-37 g; 12 weeks old) were made as previously described (4, 10, 11, 27) . Briefly, mice were deeply anesthetized, stabilized in a stereotaxic apparatus (Stoelting, Wood Dale, IL), and the left somatosensory cerebral cortex carefully removed with a light vacuum using a sterile Pasteur pipette. Gelfoam (Pharmacia and Upjohn, Kalamazoo, MI) was inserted into the lesion, and the animals were sutured and allowed to recover before injection with buprenorphine (2 mg/kg, subcutaneously) for pain management. Control mice were anesthetized with ketamine/xylazine and buprenorphine and housed together with lesioned mice. At 2, 5, or 10 days after injury, mice were deeply anesthetized with sodium pentobarbital (150 mg/kg, intraperitoneally [IP] ) and perfused with freshly depolymerized 4% paraformaldehyde (Sigma, St. Louis, MO) in 0.1 M sodium phosphatebuffered saline (PBS), pH 7.6. All brains were postfixed in formaldehyde overnight and cryoprotected in 30% sucrose overnight at 4°C before sectioning. Freefloating, 30-mm-thick coronal sections were cut on a sliding microtome and stored in cryoprotectant at 220°C for later processing. All animal procedures were in accordance with National Institutes of Health animal care guidelines, were approved by the Children's Memorial Hospital IACUC committee, and are in accordance with the National Research Council's Guide for the care and use of animals.
BrdU Administration
BrdU (5#-bromodeoxyuridine; Sigma) was administered through the drinking water (1 mg/mL) and daily injections (200 mg/kg, IP) for 5 days for long-term BrdU administration. For pulse-labeling, a single BrdU injection (200 mg/kg, IP) was given 2 hours before death.
Immunohistochemistry
The following antibodies were used: anti-Dcc (Ab-1, clone AF5; mouse monoclonal, 1:50; Oncogene, San Diego, CA), anti-EGF (mouse monoclonal, 1:50; Chemicon, Temecula, CA), anti-EGF receptor (EGFR; sheep polyclonal, 1:50; Upstate, Lake Placid, NY), anti-erbB-3/HER-3 (clone 2F12; mouse monoclonal, 1:50; Upstate), anti-FGF receptor (rabbit antiserum, 1:50; Upstate), antidoublecortin (DCX; goat polyclonal, 1:100; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and antibromodeoxyuridine (BrdU; sheep polyclonal, 1:500; Fitzgerald, Concord, MA). All of these antibodies have been extensively characterized and found to be specific for the protein of interest. Sections were washed, incubated for 20 minutes at reverse transcriptase (RT) in DNase buffer (10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, 50% v/v glycerol), and then treated with 2 mg/mL DNase (Sigma) in DNase buffer with 0.5% Triton X-100 for 30 minutes at 37°C. Alternatively, sections were incubated for 20 minutes in 0.1 M HCl at 60°C instead of DNase to digest the tissue for BrdU immunohistochemistry. Sections were washed and blocked with 50 mM glycine in PBS to reduce autofluorescence of paraformaldehyde-fixed tissue. Sections were washed, blocked in PBS containing 0.5% Triton X-100 and 10% donkey serum, DS (PBS1) (Sigma), incubated overnight at 4°C in 1:100 goat anti-DCX, washed, incubated for 1 hour at RT in 1:60 F(ab) rabbit anti-goat antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) in PBS1, washed, incubated 1 hour at RT in 1:500 Cy3 donkey antirabbit (Invitrogen Molecular Probes, Eugene, OR) in PBS, washed, incubated overnight at 4°C in 1:500 sheep anti-BrdU (Santa Cruz Biotechnology, Inc.) in PBS1, washed, incubated 1 hour at RT in 1:400 biotinylated donkey anti-sheep (Jackson ImmunoResearch Laboratories) in PBS1, washed, incubated 1 hour at RT in 1:500 streptavidin AlexaFluor 488 (Invitrogen Molecular Probes) in PBS1, washed in PBS, incubated 4 minutes at RT in 1:1000 DAPI (Sigma), rinsed in phosphate buffer (PB), 6 striatal sections were mounted per slide, and slides were coverslipped. Negative controls omitting the primary antibodies were carried out in all experiments for all the secondary antibodies used.
Quantification and Imaging
Sections were analyzed with a Nikon inverted epifluorescent microscope coupled to Neurolucida (Microbrightfield, Burlington, VT). Extra-SVZ quantification consisted of four midstriatal sections quantified per mouse on the left (control, n = 7) or ipsilateral (lesion, n = 7) side. The SVZ was visualized using DAPI (UV filter) at 203 magnification using Openlab software (Improvision, Cambridge, MA). DCX1 cells (Cy3 filter) found outside and near the SVZ were counted at 203. Then the filter was switched to Cy2 to determine if the cell was BrdU1 at 203. Higher magnification (403 and 633) and DAPI was used to confirm DCX1 and BrdU1 was in the same cell by focusing up and down through the cell and ascertaining that DCX immunoreactivity completely surrounded BrdU immunoreactivity.
Olfactory Bulb Quantification
Four sections per mouse were quantified at midolfactory bulb levels. The granular layer of each section was outlined at 43 magnification using Neurolucida, and the four OB areas (dorsal, ventral, medial, lateral) per section were randomly chosen within the layer using the 203 magnification box in Neurolucida. Cells were counted at 203 magnification. Ultraviolet (UV), Cy3, and Cy2 filters cannot be used simultaneously; therefore, cells were counted in the following sequence: DCX (Cy3 filter), BrdU (Cy2 filter), and DAPI (UV filter). Neurolucida was also used to trace the inner portion of the mitral layer to measure the combined surface area of the granular layer and the adjacent inner plexiform layer (a very thin structure). SVZ quantification consisted of the six striatal sections of each animal (control n = 7, lesion n = 7) being quantified randomly to control for variations caused by photobleaching. The SVZ of each section was outlined at 103 magnification using Neurolucida to visualize DAPI staining and the surface area recorded. Cells were counted at 403 magnification using the meander scan function to ensure the entire SVZ was counted. Meander scan advances were realigned when necessary. UV, Cy3, and Cy2 filters cannot be used simultaneously; therefore, cells were counted in the following sequence: DCX (Cy3 filter), BrdU (Cy2 filter), and DAPI (UV filter).
Photomicrographs were generated on Leica epifluorescent microscopes using Openlab software (Improvision) and images were assembled in Adobe Photoshop (Adobe Systems Inc., San Jose, CA). The atlas of Paxinos and Watson was used for stereotaxic coordinates and terminology (28) . Four to 7 mice per treatment group were used for each experiment described. Statistical significance (p # 0.05) was determined by 2-sample Student t-test with homogeneity of variance.
RESULTS
Newborn Neuroblasts Emigrate from the Subventricular Zone in Normal Mice
We previously showed that doublecortin-positive (DCX1) neuroblasts in the adult mouse SVZ are in 2 discontinuous populations, one dorsal and one ventral (29) . We also found that even in normal mice, some DCX1 cells are found outside of the SVZ: in the corpus callosum, the ventral striatum, ventral septum, and the nucleus accumbens (29) . However, we did not know whether they were newborn or had migrated there earlier in development. We found DCX1 cells outside of the SVZ in the same regions as before (Fig. 1B, D ) (29) . DCX1 cells in the corpus callosum of controls had migratory morphology; they were small ovoid cells with leading processes and were isolated or grouped as clusters of cells (Fig. 1B) . BrdU is incorporated into the cell nucleus during the S-phase of the cell cycle and is widely used to assay when cells are born (30) . Thirty-four percent of DCX1 cells in the corpus callosum were BrdU1, whereas in the ventral striatum, ventral septum, and nucleus accumbens, 48%, 45%, and 41%, respectively, of DCX1 cells external to the SVZ were positive for BrdU. Because pulse injections of BrdU show that rates of mitosis in the corpus callosum and other regions external to the SVZ are normally very low (see subsequently in this article), this suggests that DCX1/BrdU1 cells were born in the SVZ, migrated out, and survived between 5 and 10 days. These results show that DCX1 cells outside of the SVZ in nonlesioned mice are continuously replaced.
Subventricular Zone Neuroblasts Emigrate to the Corpus Callosum After Cortical Lesions
We showed before that cortical lesions increase the number of retrovirally labeled SVZ cells emigrating to the corpus callosum (4) . Although many of the emigrating cells had glial morphology, the majority of cells born in the normal SVZ are migratory neuroblasts (4) . Therefore, we should determine whether the number of SVZ neuroblasts (DCX1 cells) emigrating to the corpus callosum changes after cortical injury. To label cells born in the first 5 days after injury, we injected adult mice with BrdU for 5 days and the animals were killed 5 days later (Fig. 1A) . SVZ neuroblasts turnover and migrate rapidly; therefore, the majority of Dcx1/BrdU2 cells were born between days 5 and 10 postlesion. The percent of DCX1 cells in the CC that were BrdU1 increased from 34% to 43% after cortical lesion. We also found that the total number of DCX1 cells in the corpus callosum was increased after cortical injury (p = 0.008) (Fig. 1C, D ). Whereas the difference in the number of DCX1/BrdU1 cells between lesions and controls was highly significant (p = 0.008), the increase in the number of DCX1/BrdU2 cells was just shy of significance (p = 0.051). These results suggest that neuroblasts born in the first 5 days after injury preferentially emigrate.
DCX1 SVZ cells are capable of emigrating into the striatum after middle cerebral artery occlusions (31) . However, cortical lesions did not change the number of DCX1 cells in the striatum or septum (Fig. 1D ), suggesting that they were specifically directed dorsally to the injury. We have shown that in normal adult mice, DCX1 SVZ cells also migrate ventrally along radial glia-like fibers (32) in a remnant of the postnatal ventral migration, which has recently been described (33) . In this study, there was a small, nonsignificant (p = 0.065) decrease in the number of SVZ cells emigrating ventrally from the lateral ventricles, suggesting that cortical lesions redirect overall migration to a more dorsal orientation (Fig. 1D ).
Migration to the Olfactory Bulbs is Normal After Injury
Earlier retroviral studies indicated that migration from the SVZ to the OB decreases transiently 4 days after cortical aspiration lesions, leading us to hypothesize that emigration may occur at the expense of rostral migration (4) . In this study, we found DCX1 cells migrating into the corpus callosum, also suggesting that rostral migration may be redirected. Reduction in SVZ cell rostral migration decreases the size of the OB (12) . Therefore, we first examined the surface area of the OB 5 days after injury to test the hypothesis that decreased rostral migration results in diminished OB surface area. The surface area of the OB was not significantly changed, it was 1.1 3 10 6 6 4.5 3 10 4 mm 2 in controls versus 1.0 3 10 6 6 9.12 3 10 4 mm 2 in lesioned mice. Shrinkage in surface area would imply a fairly extensive decrease in migration to the bulb. To look for potentially more subtle decreases, we quantified numbers of BrdU1 cells in random fields of the granule layer 5 days after cortical lesion (BrdU administered for 5 days). There was no statistically significant change in the average q 2005 American Association of Neuropathologists, Inc.
number of BrdU-labeled cells in the OB: 111.2 6 13.7 in controls versus 144.6 6 20.2 in lesioned mice.
We next sought to determine if the number of DCX1 cells in the OB changed at 10 days after cortical lesion, the time point at which we documented increased emigration to the corpus callosum. The numbers of BrdU1, DCX1/BrdU1 (DCX1 cells that went through the S-phase in the first 5 days after injury), and DCX1/BrdU-cells (went through the Sphase after our BrdU injections) were counted in representative fields in the granule layer of the OB ( Fig. 2A, B ; Table 1 ). The number of DCX1 cells in the OB was not significantly changed 10 days after injury regardless of whether they were BrdU-positive or-negative (Table 1 ). These data suggest that by 10 days after injury, migration toward the OB has resumed to levels comparable to controls. These results argue against a model in which decreased migration to the bulb lasts for longer than a few days after lesion.
We have shown variations in the distribution of DCX1 chains in the dorsal versus ventral SVZ (29) , but the extent of intermixing of these populations as they coalesce in the anterior RMS is unclear. It is also unknown whether they differentially contribute to layers or subregions of the OB. Because the emigration after lesion, described previously in this article, is from the dorsal SVZ, we hypothesized that the dorsal OB may have fewer granule cells if migration decreased in the first week after lesion. Random sampling of DCX1 cells may have diluted out such an effect. To address this, we subdivided the OB granule layer for quantification, but our quadrant counts ( Fig. 2; Table 1 ) suggested that there were no decreases in selective subregions or changes in the distribution of granular OB cells after cortical injury. This was true for DCX1 cells that were born in the first 5 days after injury as well as those that were born later.
Neurogenesis Does Not Change in the Subventricular Zone After Injury
We showed a significant increase in the number of newborn DCX1/BrdU1 cells but not DCX1/BrdU2negative cells in the CC after lesion. This suggested that neurogenesis increased after cortical lesion to provide supernumerary neurons for emigration. To test this, we quantified DAPI1, BrdU1, and DCX1/BrdU1 cell numbers in the SVZ 10 days after lesion ( Fig. 2C; Table 2 ). We confirmed our earlier results that the total number of DAPI1 cells was not significantly changed after cortical lesions (11) . In our previous study (11), we pulse-labeled SVZ cells going through the S-phase with BrdU 2 hours before killing and found decreased numbers of BrdU1 cells 6 hours to 3 days after the cortical lesion. Despite that, when we labeled with BrdU for 5 days in this experiment, we did not find fewer BrdU1 cells after cortical lesion but, in fact, a slightly larger number (33.0 6 6.5 in controls vs. 43.0 6 8.7 in lesioned mice, not statistically significant), suggesting increased survival (Table 2) . Although the average number of all DCX1 cells was slightly increased in the SVZ after cortical lesion, the difference was not statistically significant for DCX1/BrdU1 or DCX1/BrdU2 cells.
Although the total cell numbers did not change in the SVZ, the ratios of subtypes of cells may have. Therefore, we next examined whether the percentage of cells in the SVZ that were DCX1/BrdU6 was different 10 days after cortical lesion but found no statistical differences (Table 2) . Finally, although the actual number of DCX1 cells in the SVZ did not change significantly in the SVZ 10 days after cortical injury, their density may have changed. The surface area of the dorsolateral SVZ was slightly smaller 10 days after lesion: 37,103.6 6 1,219.6 mm 2 in controls (n = 7) versus 35,310.8 6 2,142.4 mm 2 in lesioned mice (n = 7). Because of this slight difference, we found that the density of DCX1 cells was significantly increased (p = 0.025). Interestingly, this difference was entirely the result of increases in the number of DCX1 cells that were BrdU2 (p = 0.027), because the density of DCX1/BrdU1 cells did not change (p = 0.84). Overall, our results suggest that neurogenesis does not increase in the SVZ to provide a source of emigrating cells. PSA-NCAM is another marker for SVZ neuroblasts, and earlier work had shown that expression levels of PSA-NCAM in the SVZ are not changed in the first 2 weeks after a cortical lesion (11) . Emigration from the SVZ increases after a lesion, but it is likely that this process does not depend on larger numbers of neurons being formed.
Epidermal Growth Factor Expression Increases After Injury
Brain injury causes changes in the environment surrounding the lesion; thus, we reasoned that migration from the SVZ into the corpus callosum after injury might be mediated by changes in signaling between extrinsic factors and their receptors. Five days after cortical lesions, we immunohistochemically labeled sections containing the SVZ and adjacent lesioned cortex for the following molecules: EGF, epidermal growth factor receptor (EGFr), fibroblast growth factor receptor (FGFr), neuregulin receptor (erbB3), and deleted in colorectal cancer (Dcc) (21, 26, (34) (35) (36) . Omission of primary antibodies was used as a negative control and resulted in complete lack of labeling for all secondary antibodies (Fig. 4A, D) . The expression of EGFr, FGFr, ErbB3 (Fig. 3) , and Dcc (not shown) did not change in the SVZ, corpus callosum, or cerebral cortex after cortical aspiration lesions.
In contrast, EGF immunoreactivity was increased in the forebrain at 2, 5, and 10 days after injury (Fig. 4 ). There were very low levels of EGF immunofluorescence in the cerebral Counts were performed as described in materials and methods regions sampled are shown in Figure 2A . The table shows that the numbers of BrdU1, DCX1, and double-labeled cells did not change significantly as a population or in subregions of the OB. cortex and the corpus callosum and slightly higher levels in the SVZ of control mice (Fig. 4B, E, G) . Two days after injury, cells with the morphology of neurons expressed EGF in the cerebral cortex surrounding the lesion (Fig. 4C) . EGF was also increased in cells with astrocytic morphology in the corpus callosum, dorsal to the SVZ (Fig. 4F) , and in the SVZ itself (Fig. 4H) . Contralateral to the lesion, EGF was not appreciably different from controls at 2 days (Fig. 4I) . At 10 days, EGF was still increased in the SVZ, CC (Fig. 4K) , and cerebral cortex near the lesion, although to a lesser extent than at 2 days. The increase in EGF at 10 days was particularly pronounced in the ipsilateral piriform cortex (Fig. 4O) and had spread to the contralateral CC and SVZ (Fig. 4L, M) . In addition to EGF being increased in cells with discernible morphology, EGF immunoreactivity increased in the parenchyma after cortical lesion, suggesting that greater amounts were being released.
Brain injury causes reactive astrocytosis, which is characterized by increased levels of the intermediate filament protein glial fibrillary acidic protein (GFAP) (27) , and reactive astrocytes increase production of a variety of growth factors. It has also been demonstrated that increases in EGF can increase the preponderance of GFAP1 stem cells versus GFAP-negative progenitor cells in the SVZ (24) . Therefore, we examined GFAP expression and found reactive astrocytes (swollen and increased GFAP) at the edge of the lesion and in the corpus callosum between the lesion and the SVZ (Fig. 5A,  B) . Double immunolabeling for GFAP and EGF showed that the increased EGF in the CC after lesion was in astrocytes (data not shown). Interestingly, GFAP was also slightly increased in the SVZ itself 5 days after cortical lesion (Fig. 5B) .
Because we observed longlasting increases in EGF in the corpus callosum, as well as astrocytosis, we asked whether proliferation is induced in situ. We pulse-labeled cells going through the S-phase by injecting BrdU and then killing mice 2 hours later. Qualitative evaluation of BrdU1 cells in the corpus callosum revealed very few labeled cells in the CC of controls (Fig. 5C) . Increases in the number of BrdU1 cells in the CC were observed between 1 and 35 days after lesion, with the maximal increase occurring 2 days after injury (Fig. 5C ). This increase in mitosis in the CC is probably the result of gliosis; however, it is also possible that emigrated SVZ cells continue to divide in the CC after injury. 
DISCUSSION
In this study, we sought to determine if SVZ neuroblasts migrate to cortical aspiration lesions. A few DCX1 neuroblasts generated de novo in the SVZ emigrated dorsally into the corpus callosum in normal adult mice, and this increased significantly after lesions of the cerebral cortex. Interestingly, dorsal emigration did not correlate with decreased rostral migration; the number of cells in the OB granule layer did not diminish. In contrast to the effect of many other perturbations, neurogenesis did not increase in the SVZ after cortical aspiration lesions. Thus, emigration of SVZ neuroblasts appears to not depend either on the redirection of rostral migration or on the production of extra neuroblasts. However, the majority of SVZ neuroblasts that emigrated after injury were BrdUpositive, consistent with a model in which newborn neurons more readily emigrate than older SVZ neuroblasts. We examined molecules that may affect the SVZ after cortical lesions and found that EGF was increased in a spatiotemporal pattern overlapping with SVZ cell emigration into the corpus callosum. We also detected astrocytosis and increased proliferation in the corpus callosum where EGF was increased.
Overall, the data suggest that reactive astrocyte-derived EGF may stimulate emigration but does not increase SVZ cell numbers or neurogenesis after cortical lesions.
Subventricular Zone Neuroblasts Migrate Toward Cortical Lesions
Cells born in the SVZ are oriented in ''chains'' and migrate in a net rostral direction to the OB and then into its granular and periglomerular layers (37) . The adult RMS is long, suggesting that SVZ cells have the potential to migrate to far ectopic locations in the context of injury. Models of diseases and injuries have proven the capacity of SVZ cells to emigrate into a number of adult nuclei (4, 5, 31) . After cortical lesions, increased numbers of retrovirally labeled SVZ cells moved to the corpus callosum and cerebral cortex around the lesion and exhibited morphologies typical of glia or migratory neuroblasts (4) . We show here that increased numbers of DCX1 cells emigrated dorsally toward the injury into the corpus callosum, similar to what occurs after focal ischemic lesions of the cortex in the rat (38) . Thus, we have shown that N, O) EGF immunoreactivity was increased in the medial and contralateral corpus callosum 10 days after injury. All lesion panels are ipsilateral to the injury, unless indicated. cc, corpus callosum; contra, contralateral to lesion; ctl, control mice; ctx, cerebral cortex; les, lesioned mice; lv, lateral ventricle; med, medial, no 1, no primary antibody negative control; piri, piriform cortex; str, striatum; svz, subventricular zone. not only glia (4), but also SVZ neuroblasts can emigrate dorsally toward this model of traumatic brain injury. We found no evidence for DCX1 cell emigration into other periventricular regions, suggesting that a chemoattractant is secreted around the lesion and draws cells toward it. However, unlike glia, which had migrated into the cortex (4), DCX1 neuroblasts did not migrate into the cerebral cortex before or after injury. This discrepancy suggests that the cerebral cortex produces a chemorepellant specific for SVZ neuroblasts.
Whole-mount preparations reveal that neuroblast chains can be oriented in a variety of patterns, suggesting that although their net movement is rostral, multiple directions can be taken (29, 39) . Videomicroscopy studies have directly shown that dorsoventral migration occurs in the postnatal SVZ (40) . Recently, a ventral migratory stream of granule neurons moving from the SVZ to ventral forebrain regions was described (33) . In our study, there was a slight decrease in the number of cells migrating ventrally from the SVZ after cortical injuries. Taken together, these data suggest that SVZ neuroblasts emigrate dorsally into the corpus callosum in controls and that this increases significantly after cortical lesions with a net upward movement of cells within the SVZ.
Knife cuts of the anterior SVZ cause the rostral migratory stream to deviate from its normal route and to move into ectopic regions in the cortex (20) . However, it is unclear if emigration of SVZ neuroblasts is generally the result of redirection of the RMS. We previously found retroviral evidence for a transient decrease in rostral migration 4 days after cortical lesions (4) . Therefore, we looked for decreased rostral migration 5 and 10 days after injury. Neither newborn neurons nor those born before the lesion had decreased OB numbers, suggesting preserved rates of rostral migration after cortical lesions, similar to what is seen in rats (38) . Despite emigration, the cues that regulate rostral migration appear to remain intact after these massive aspiration lesions of the cerebral cortex. Overall, our data suggest a transient decrease in rostral migration that is not sustained and that dorsal emigration is not correlated with a loss of rostral migration. The rostral migration of neuroblasts is superimposed early postnatally by lateral and dorsal migration of glioblasts from the SVZ (6, 41, 42) . In the normal adult mouse, production and emigration of glial cells from the SVZ has diminished but not disappeared (4) . There is also evidence that some SVZ neuroblasts emigrate in the adult, even in the absence of injuries. Doublecortin labels migratory SVZ neuroblasts, and DCX1 cells are found outside the SVZ, suggesting emigration (29, 43) . In previous studies, there was no definitive proof that DCX1 cells external to the SVZ were newborn, as opposed to having an embryonic origin (29, 33) . In this study, we showed that many DCX1 cells external to the SVZ were BrdU1. Because there is scant mitosis outside the SVZ in normal mice, the results suggest neurogenesis and emigration from the SVZ. Thus, our data are consistent with the hypothesis that in normal mice, a small number of newborn glia and neurons escape the barriers that keep the majority of cells within the confines of the adult SVZ and RMS.
Newborn Neurons Preferentially Emigrate, But Subventricular Zone Neurogenesis Does Not Increase After Cortical Lesions
Many types of injury result in concomitant increases in SVZ neurogenesis and emigration (5) . Thus, a generalized model has emerged in which neurogenesis increases and newborn cells emigrate. Alternatively, rates of neurogenesis could remain constant and cells born soon after the injury still preferentially emigrate. In this study, we attempted to discriminate these alternative scenarios by administering BrdU for 5 days after injury and killing mice 10 days after injury. Interestingly, the number of (newborn) DCX1/BrdU1 cells was significantly increased in the corpus callosum, whereas the number of DCX1/BrdU2negative cells was not. This suggests that cells that were born in the first 5 days after cortical lesions are more likely to emigrate toward the lesion. The use of doublecortin to label SVZ neuroblasts supports this because it is transiently expressed by newborn neurons and is used as a proxy for neurogenesis (44) .
Because more newborn neurons emigrated from the SVZ, we hypothesized that neurogenesis increased in the SVZ to provide an increased source of cells. Work in rats suggests that neurogenesis increases after cortical lesions; cell numbers, the neuroblast marker PSA-NCAM, and the number of mitotic cells was increased (10, 38) . In mice, PSA-NCAM is not increased in the SVZ until 1 month after cortical injury (11) . Thus, the possibility remains that neurogenesis increases at late time points not examined in this study. Here we found that the number of DCX1/BrdU1 and DCX1/BrdU2 cells in the SVZ was unchanged 10 days after lesion, also suggesting that neurogenesis was not increased. Therefore, our results point to a model in which the production of supernumerary neurons is not required for emigration after cortical lesions. If increased numbers of neuroblasts emigrate and neurogenesis does not increase, then how can cell numbers in the SVZ remain constant (11) after cortical lesions? One possibility is that cell death decreases in the SVZ after cortical lesions. Our previous retroviral studies indicated that although fewer cells were labeled at 4 days, more were labeled at 21 days after injury, suggesting increased survival (4).
Epidermal Growth Factor May Regulate Subventricular Zone Emigration
We found that cortical injuries induced reactive astrocytosis between the lesion and the SVZ (27) . Although astrocytes form a scar around injuries that may inhibit migration (45) , reactive astrocytes in the corpus callosum in this study did not present a barrier. In contrast to inhibiting neural repair through scar formation, astrocytes may promote it by making growth factors. We showed here a sustained increase in EGF immunoreactivity around the lesion and extending into the SVZ. The increases in EGF were selective, because levels of signaling molecules that affect a variety of SVZ behaviors, EGFr, ErbB3, FGFr, and Dcc, were unchanged. We speculate that a chemotactic gradient of diffusible EGF is established between the cortical injury and the SVZ. Although EGF signaling is a potent stimulator of proliferation, multiple lines of evidence suggest that it also regulates migration (46) (47) (48) (49) (50) (51) (52) . During mammalian brain development, radial migration into the cortical plate, as well as migration in the lateral migratory stream, was increased when EGFr was overexpressed, suggesting chemotaxis (21) . Supporting this, infusion of EGF into the lateral ventricles induces massive cell migration out of the SVZ (22) (23) (24) . EGFr is expressed by postnatal SVZ stem/progenitor cells but is largely absent from SVZ neuroblasts (24) . How can this be reconciled with the fact that we observed DCX1 cells emigrating into the field of increased EGF? DCX expression in the SVZ begins in the final stages of progenitor differentiation to neuroblasts and in the early stages of neuronal differentiation (44, 53) . DCX1 cells that were born in the first 5 days after injury emigrated preferentially. This suggests that there was a window of differentiation in which SVZ cells coexpress EGFr and DCX and were thus poised to respond to EGF by emigrating.
In addition to causing emigration, EGF infusions also increase proliferation in the mouse SVZ (23, 24) . Because we found increases in EGF in this study, it is perplexing that we previously found decreases in SVZ proliferation after cortical lesions (11) . However, administration of EGF in vivo also causes a shift of progenitors to stem cells (24) . If this occurs in the SVZ after cortical lesions, it may explain the decrease in proliferation, because stem cells divide more slowly (54) . The EGFr pathways that regulate migration depend on autophosphorylation, kinase activity of the receptor, and downstream PLC activation, whereas the MAPK signaling pathway regulates EGF-mediated proliferation (48, (55) (56) (57) . Selectively killing SVZ progenitor cells largely diminishes the effects of in vivo EGF administration, suggesting that EGF acts primarily not on stem cells or neuroblasts, but on the transit-amplifying progenitor cells (24) . Given this, it may be that after cortical lesions, EGF causes young progenitor cells to revert to stem cell-like behaviors but increases emigration of old progenitor cells through activation of different downstream pathways.
CONCLUSION
An increasing body of data shows that the adult SVZ responds in a variety of ways to different forms of injury (9) . Whereas increased neurogenesis and increased emigration are commonly observed, in this study after cortical aspiration lesions, we demonstrated that the 2 processes are not linked.
We also showed that emigration of neuroblasts was not associated with changes in rostral migration to the OB. Our results suggest, on the other hand, that the increases in emigration may be the result of EGF signaling, because cortical lesions increased EGF immunoreactivity.
